date. An analysis of the group I introns available in cox1 genes shows that they are ancestral mobile genetic elements, whose frequent events of loss (according to the "late theory") and gain by lateral transfer ("early theory") must be combined to explain their wide and patchy distribution extending on several kingdoms. This allows the conciliation of the "early" and "late intron" paradigms, which are still matters of much debate (ref.
The complete sequence (29.902 nt, GenBank Accession number: EU314927) of the cox1 gene of the button mushroom Agaricus bisporus (Abi), was determined for the brown cultivar C9 (Supplementary Fig. 1 ). An alignment of this gene with the cox1 exon sequence (CDS) of the related Agaricales Agrocybe aegerita 10 shows that the Abi cox1 CDS is split by 19 large (>1kbp) introns. The borders of these introns, their group and sub-group were deduced from the design of each secondary structure (Supplementary information gene is the longest mitochondrial gene reported to date in all kingdoms.
Only one (iAbi2) of the 19 introns belongs to the group II. This large intron (2736 nt)
contains an eroded ORF (402 aa) whose the putative encoded protein possess low homologies with reverse transcriptases of other plant and fungal mitochondrial group II introns. In Abi, this intron appears as a remnant of an ancestral intron, present in both fungal and plant kingdoms, and in elimination process.
Sixteen out of the 18 group I introns harbour intact ORF encoding a putative functional HE, while only three (iAbi6, iAbi11 and iAbi14) contain eroded heg leading to non functional HE (Fig. 1 ). The heg encoded by the iAbi11 intron exhibits a singular organisation, resulting from the insertion in a cox1 heg of an other invading heg ( Fig. 1 ) orthologous to a heg described in an intron of the mitochondrial cob gene of two Ascomycota species
Gibberella zeae and Podospora anserina. In these two species, the invading and the recipient heg are located in introns of the cob and cox1 genes, respectively. The invasion of the iAbi11
intron heg by an heg issued from an other gene gives evidence of a recent transfer activity of the enzyme encoded by the mobile invading element, as previously reported in the T4 phage or in the fungus Podospora curvicolla 16, 17 .
To understand the origin and dynamics of the Abi group I introns, a compilation of all the complete cox1 genes in databases was carried out (Fig. 2a) . Group I introns were reported in three kingdoms: Viridiplantae, Amoebozoa and Fungi/Metazoa. In the Fungi/Metazoa, mitochondrial group I introns have been described in a single species of the Choanoflagellida order (Monosiga brevicollis), in one species of the Porifera phylum (Metazoa kingdom) and in numerous species of the fungal kingdom. In contrast, all the cox1 genes from the Eumetazoa lack group I intron, except two different intron types described in Cnidaria 18-20 .
214 group I introns were characterized in 51 fungal cox1 genes (including three species of the Zygomycota phylum, now fungi incertae sedis). They have been sorted in 34
classes first defined by the same location in the cox1 CDS sequence. This distribution, based on the precise insertion site of each intron, is correlated to the highest sequence identities at the nucleotide level as well as amino acid identities of the putative encoded HE. Hence, each position class is also a sequence homology class. The 34 classes were named by increasing alphabetic characters from the 5'-end of the cox 1 CDS. Since all the 34 classes are represented in at least one of the five fungal longest cox1 genes, an alignment of the corresponding COXI proteins is used in Fig. 3 The number of fungal cox1 introns assigned to each class greatly varied from 23 in the class J to a unique representative in 11 different classes (Fig. 2a) . Hence, these introns can be classified in rare and widely distributed introns. Rare introns are those detected either in a single species (11 classes) or in two closely related species for the classes D and AE both containing introns reported in two Blastocladiales. The introns of the remaining 21 classes show a wide and patchy distribution. Indeed, these classes contain several representatives, from 2 in the class T to 23 in the class J, present in different phyla of the fungal kingdom when, at the same time, phylogenetically close species differ by the presence/absence of these introns. For instance, the two representatives of the class T have been described in the Chytridiomycota Rsp and in the distant Ascomycota Gze (Fig. 2a) In Fig. 2a , species were ordered according to their systematic position indicated in the taxonomic and phylogenetic trees of Fig. 2b and 2c. The species phylogenetic relationships were deduced from the six-gene phylogeny established by James et al. 21 . The occurrence of the orthologous introns of the largestly distributed class J was reported in the trees ( Fig. 2b and 2c). This clearly shows that the patchy distribution of the species with and without orthologous introns requires a combination of multiple events of intron loss and gain.
A great sequence divergence appears between heg sequences of orthologous introns of the same class. The HE encoded by the introns of class J show percentages of aa identity (and similarity) ranging from 31% aa id. (54 % aa sim.) between the fungal Ascomycota Gze and the Viridiplantae Mpo to 56 % aa id (73 % aa sim.) between the Basidiomycota Abi and Aae.
These high sequence divergences between orthologous introns of the same class, distributed over up to four kingdoms, but also observed between closely related species, strongly argue for an ancestral origin and high mobility of these introns.
Moreover, most of the classes of widely distributed introns ( Most cox1 genes of the Viridiplantae, Amoebozoa and Metazoa kingdoms lack intron and only a little number of species harbours 1 to 6 group I introns. But, the majority (43) of the 51 cox1 sequences of the fungal kingdom possesses one to 18 introns. Only 8 genes do not contain intron.
In order to analyse the dynamics (loss and gain) of group I introns in eukaryots, a curve ( Fig. 4) representing the number of species according to the number of introns of their cox1 gene was established. This curve does not fit with a Gaussian distribution, as expected if the number of introns was reflecting random events of losses and gains. The plots can be represented by a theoretical curve showing a logarithmic decrease and thus, revealing a trend of group I introns towards elimination from the cox1 genes. However, the five long genes, distributed over four different fungal divisions, behave as Group I intron reservoirs, with 11 to 18 introns. Their compilation contains at least a representative of each class, except for the introns reported in corals. As the nine rare introns detected once were reported in four of these five long genes, the ability of bearing specific or rare introns appears to be a characteristic of these reservoir species.
Moreover, most of the introns described in the long cox1 genes from the basal fungal lineages carry eroded heg: 10 introns among the 11 of Ama and 7 among the 14 of Rsp. This suggests that in both species these introns are in elimination process. Conceptually, the erosion of the heg should definitively prevent the spreading of the harboring intron. On the contrary, most of the introns of the long cox1 genes of Dikarya (16/18, 12/14 and 12/12 for Abi, Pan and Gze, respectively) maintain putative functional heg.
In this context, the Abi cox1 gene has to be considered as the most fitted relic of an ancestral cox1 gene described to date. Indeed, this long gene possesses representatives of more than half (18/34 = 53 %) of the classes, and more than 69 % (16/23) of the widely distributed ones and all but two of its 18 group I introns possess intact and potentially functional heg.
In conclusion, it appears that the evolution of the mitochondrial genome of eukaryotes is still on the road to the ancestral group I intron elimination. Finally, the long genes described in the Dikarya fungi, whose the Abi cox1 gene is the most amazing representative to date, ask an appealing and still unresolved question about the reasons and underlying mechanisms for which some fungal species maintain such an expensive organization of mitochondrial genes.
Full Methods and any associated references are available in the online version of the paper at www.nature.com/nature. Yarrowia lipolytica NC_002659.
In Fig. 2a , a : number of introns per species; b: number of introns per class.
In Fig. 2b and 2c , the species harbouring a class J orthologous intron with an intact or an eroded heg are in red and green, respectively. 
